Both enantiomers of the N-Boc-activated monoterpene-fused β-lactam 3 were readily convertible to N-Boc β-amino acid 4, β-amino ester 7, and carboxamide derivatives 9-11 via nucleophilic attack on the activated lactam bond. The corresponding β-amino ester 7 was transformed to a novel amino acid 8.
Introduction
The readily available chiral terpenes and their derivatives are chiral auxiliaries that are widely used in enantioselective transformations. [1] [2] [3] [4] (+)-Pulegon is a monoterpene frequently applied in asymmetric synthesis. As an example, the Eliel synthon (a 1,3-amino alcohol prepared from (+)-pulegon) has been successfully utilized for the enantioselective synthesis of primary and secondary amines, α-hydroxy acids, isoindolines, etc.
5-8
α-Pinene is also a useful chiral source because it undergoes various transformations and both of its enantiomers are commercially available. Its derivatives, such as 2-hydroxypinan-3-one 9 and β-isopinocamphenyl-9-borabicyclo[3.3.1]nonane (Alpine-Borane ® ), 10 have been widely employed as chiral reagents in asymmetric syntheses. The preparation and some synthetic applications of optically pure 3-amino-2-hydroxypinane have been reported by different authors. 11, 12 Monoterpene-fused 1,3-oxazines have also been used as catalysts for enantioselective allylic substitution. 13 In an earlier work, we reported the transformations of enantiomerically pure α-pinene to monoterpene-fused saturated 1,3-heterocycles.
14 β-Amino acids and their derivatives, such as amino esters, amides or 1,3-amino alcohols, can serve for the synthesis of a wide range of saturated heterocycles. [15] [16] [17] They can also be used as building blocks in modified analogues of pharmacologically active peptides. [18] [19] [20] Conformational studies of β-amino acid oligomers are also currently at the focus of interest. [21] [22] [23] [24] Besides their diverse chemical compositions, β-amino acids and their derivatives possess noteworthy pharmacological effects; for example, (1R,2S)-2-aminocyclopentanecarboxylic acid (cispentacin) and some other alicyclic β-amino acids have marked antifungal activity. 25 The present work describes a mild and efficient ring opening of monoterpene-fused β-lactam enantiomers derived from (+)-and (-)-α-pinene, to produce a novel chiral β-amino acid and its derivatives.
Results and Discussion
The synthetic route for novel chiral β-amino acid derivatives is presented in Scheme 1. Even though the Schemes depict only compounds prepared from (-)-(1S,5S)-α-pinene, all these reactions were performed by starting from both (-)-(1S,5S)-and (+)-(1R,5R)-α-pinene (see Experimental Section). We have recently described the synthesis of the β-lactam enantiomers 2 from α-pinene enantiomers by regiospecific and stereospecific addition 26, 27 Although the literature includes several well-known methods for the ring opening of azetidinones, 17 transformation of the azetidinone 2 to the amino acid by using aqueous hydrochloric acid solution failed. The synthesis of the amino ester by the refluxing of 2 with ethanolic HCl likewise resulted in the required ethyl ester only in low yield, with many sideproducts. 14 The above results suggested that the strongly constrained pinane ring system is broken down under the highly acidic conditions necessary to open the β-lactam ring. Activation of the carboxamide bond of the azetidinone 2 therefore seemed necessary. Treatment of the β-lactam 2 with di-tert-butyl dicarbonate resulted in the N-Boc β-lactam 3, which was readily openable under mild conditions. The reaction of 3 with aqueous lithium hydroxide in THF gave the N-Boc β-amino acid 4 in good yield (78%). 28, 29 Deprotection of 4 resulted in the TFA salt of the corresponding amino acid 8 in only 80% purity. Since the attempted purification of 5 failed, an alternative synthesis pathway was developed to prepare amino acid 8.
Ring opening of the N-Boc β-lactam 3 in the presence of a catalytic amount of NaOMe in dry MeOH gave 6 in excellent yield during a very short reaction time. 30 Deprotection of 6 with TFA resulted quantitatively in 7 in high purity. The β-amino ester 7 was transformed to the β-amino acid 8 by refluxing in a dioxane:water = 1:1 mixture for 2 days (Scheme 1).
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The nucleophilic ring opening of the N-Boc β-lactam 3 was also performed with amines such as ammonia, methylamine, resulting in the N-Boc amides 9 and 10 in high yields. 32 When benzylamine was applied transamidation process went through only in the presence of potassium cyanide as catalyst, resulting in amide 11 (Scheme 2). The enantiomeric purity of the prepared compounds was proved by GC and NMR spectroscopy. There was no sign of the presence of any other diastereomer in the spectra of the prepared compounds.
Conclusions
An efficient method was devised for the ring opening of acid-sensitive monoterpene-fused β-lactams. The Boc-activated azetidinone 2 was found to be easily openable under mild conditions by nucleophilic attack. The novel β-amino acid 8 was also prepared. The resulting β-amino acid derivatives may serve as chiral building blocks in the asymmetric synthesis of potential pharmacons, β-amino acid oligomers and modified analogues of natural peptides. They are excellent starting materials for the preparation of potential chiral auxiliaries and catalysts such as 1,3-diamines and 1,3-amino alcohols which could be used in enantioselective syntheses.
Experimental Section General Procedures.
1 H NMR spectra were recorded on a Bruker Avance DRX 400 spectrometer (400 MHz, δ=0 (TMS) in CDCl 3 , except for compound 8, which was dissolved in CD 3 OD). Chemical shifts are expressed in ppm (δ) relative to TMS as internal reference. J values are given in Hz. FT-IR spectra were recorded on a Perkin-Elmer model 1000 spectrophotometer. Microanalyses were determined on a Perkin-Elmer 2400 elemental analyser. GC measurements were performed on a Chrompack CP-9002 system, consisting of a 901A Flame Ionization Detector and a Maestro II Chromatography data system (Chrompack International B.V., Middelburg, The Netherlands). The column used for direct separation was a CHIRASIL-DEX CB column (2500x0.25 mm I.D.) at 160 °C, 80 kPa for 3 and 7. Optical rotations were obtained with a Perkin-Elmer 341 polarimeter. HRMS were recorded o a Finnigan MAT 95S instrument. Melting points were determined on a Kofler apparatus and are uncorrected. Azetidinone 2 was prepared from (1S,5S)-(-)-α-pinene by a literature method. 
